ABSTRACT BACKGROUND: The psychological profile of patients with borderline personality disorder (BPD), with impulsivity and emotional dysregulation as core symptoms, has guided the search for abnormalities in specific brain areas such as the hippocampal-amygdala complex and the frontomedial cortex. However, whole-brain imaging studies so far have delivered highly heterogeneous results involving different brain locations. METHODS: Functional resting-state and diffusion magnetic resonance imaging data were acquired in patients with BPD and in an equal number of matched control subjects (n 5 60 for resting and n 5 43 for diffusion). While mean diffusivity and fractional anisotropy brain images were generated from diffusion data, amplitude of low-frequency fluctuations and global brain connectivity images were used for the first time to evaluate BPD-related brain abnormalities from resting functional acquisitions. RESULTS: Whole-brain analyses using a p 5 .05 corrected threshold showed a convergence of alterations in BPD patients in genual and perigenual structures, with frontal white matter fractional anisotropy abnormalities partially encircling areas of increased mean diffusivity and global brain connectivity. Additionally, a cluster of enlarged amplitude of low-frequency fluctuations (high resting activity) was found involving part of the left hippocampus and amygdala. In turn, this cluster showed increased resting functional connectivity with the anterior cingulate. CONCLUSIONS: With a multimodal approach and without using a priori selected regions, we prove that structural and functional abnormality in BPD involves both temporolimbic and frontomedial structures as well as their connectivity. These structures have been previously related to behavioral and clinical symptoms in patients with BPD.
Borderline personality disorder (BPD) is a serious and chronic mental disorder characterized by marked impulsivity, emotional instability and interpersonal disturbances. With estimates of 5.9% prevalence in the general population, BPD is the most common personality disorder (1) . It is considered to be a difficult-to-treat disorder, with severe functional impairment, high costs to society, and associations with high rates of comorbidity and suicide. Although BPD has been related to the occurrence of childhood negative events (2) , it has fairly high heritability levels (65%-75%) as reported in twin studies (3) .
The psychological profile of BPD, with disinhibition and emotional dysregulation as core symptoms, suggests the possible impairment of frontal and limbic structures and of their connections (4) . This suggestion has prompted the search for abnormalities in specific brain locations, such as the hippocampal-amygdala complex, potentially involved in the prevalent negative emotions observed in the disorder. Volumetric studies of this complex, summarized in a meta-analysis (5) , have shown consistent bilateral reductions in both amygdala and hippocampus. However, such results have not been replicated in the only two studies (6, 7) that have carried out whole-brain unbiased (in terms of not favoring preselected areas) morphometric comparisons.
The medial frontal cortex, implicated in cognitive control and regulation of emotions (8) , has also been a target of BPD studies, and although it has not been reported to be significant in whole-brain morphometric comparisons, it has been found to be abnormal in studies of function (9) (10) (11) (12) . The medial frontal cortex has extensive connections with the medial temporal cortex (including the amygdala and hippocampus) ensuring the cognitive-emotional control of behavior (13) . It has also been shown that the experimental disruption of these connections leads to behavioral patterns similar to those observed in individuals with BPD (14) . This evidence has led to the performance of functional magnetic resonance imaging (MRI) studies of connectivity in BPD, which also have reported significant alterations (15, 16) . However, similar to volumetric studies, the scope of such connectivity results is restricted by the prior selection of brain areas of interest. In that sense, the discovery of intrinsic brain networks in the resting brain (17) has allowed analyses with a much broader extent showing various intranetwork and internetwork abnormalities (18, 19) . Still, such results are relevant only to the specific networks analyzed.
This limitation in the scope of connectivity results has been overcome more recently with a set of methods that are able to summarize the connectivity levels at each location of the brain, delivering individual maps of global brain connectivity (GBC). Voxels in these maps may contain the average correlation with the remaining gray matter voxels (20) , the number of connections (edges) reaching the voxel defined by a binary matrix (21, 22) or values of global covariability in the frequency domain (23, 24) . None of these methods have been applied so far in patients with BPD.
Functional connectivity findings may be compared with findings from structural or anatomic connectivity (derived from diffusion MRI). However, apart from weak evidence of orbitofrontal white matter deterioration in BPD (25) (26) (27) , results with this modality are still scarce. Alternatively, resting-state functional MRI may be used to quantify the amplitude of blood oxygen level-dependent fluctuations, which are usually restricted to the low frequencies (e.g., .01-.1 Hz) and are commonly known as analyses of amplitude of low-frequency fluctuations (ALFF) (28) . These values, which are taken as indicators of spontaneous brain activity, have been linked to physiologic states (29) , to levels of cerebral blood flow (30), and to local field potentials (31) . Although functional connectivity analyses such as the GBC quantify the levels of covariability between areas of the brain, ALFF analyses are concerned only with reporting the net activity levels at each brain site, regardless of the activity in other brain areas (i.e., ALFF is not a type of connectivity analysis). So far, no study of ALFF in BPD has been published.
In the present study, employing a large sample of patients with BPD (n 5 60 for resting functional MRI and n 5 43 for diffusion MRI) matched to equally sized samples of healthy control subjects, we performed a whole-brain multimodal MRI analysis of the disorder. Specifically, resting functional MRI is used to 1) calculate GBC maps, in which each voxel contains the mean correlation with each of the remaining gray mater voxels, and 2) estimate images of ALFF; this is combined with brain maps of mean diffusivity (MD) and fractional anisotropy (FA) derived from diffusion MRI images, which are compared between patients with BPD and healthy control subjects. We hypothesize that the joint analysis of all these measures would give us a coherent picture of the abnormal brain connectivity patterns underlying this disorder. More specifically, we expect to confirm frontolimbic abnormality without the need to set a priori anatomic restrictions in the analyses.
METHODS AND MATERIALS

Sample
An original sample of 76 female outpatients with a diagnosis of BPD was recruited from two Spanish BPD specialist units located in Barcelona (Hospital de la Santa Creu i Sant Pau) and Igualada (Consorci Sanitari de l'Anoia). The main reason for selecting an all-female group was the high prevalence of women (90%) in the clinical samples attending both recruiting units. Although a small subsample of men was available, it was not included to avoid the potential effect of intergender variability in the MRI images (32) .
The diagnosis of BPD was established with the validated Spanish versions of two semistructured questionnaires: the Structured Clinical Interview for DSM-IV Axis II disorders (33) , which assesses personality disorders according to DSM-IV and has shown an adequate interrater reliability and discrimination among Axis II personality disorders, and the Revised Diagnostic Interview for Borderlines (DIB-R) (34) , an instrument that provides the diagnosis of BPD based on information from the last 2 years. In addition to these diagnostic questionnaires, the Borderline Symptom List-23 (BSL-23) (35), a 23-item self-rating instrument used to assess the level of clinical severity in BPD, was also applied to a subsample of the patients. Specifically, we used a validated Spanish version with good psychometric properties (36) .
Selected patients were right-handed and 18-55 years old. Exclusion criteria included history of brain trauma, history of neurological disease, presence of alcohol or substance abuse or dependence in the previous 6 months, current comorbid Axis I disorder (according to DSM-IV), and previous bipolar or psychotic diagnosis (according to DSM-IV). Patients were allowed to take pharmacologic treatment.
Only images that passed a set of quality control measures described subsequently were kept for the study. These included images of 60 patients for resting-state functional MRI and of 43 patients for diffusion MRI. Following the same general inclusion criteria, equally sized samples of control subjects (women) were recruited from nonmedical staff working in the hospitals, their relatives and acquaintances, and independent sources in the community. Potential control subjects who reported a history of mental illness or treatment with psychotropic medication were rejected. Healthy women were recruited matching the sample of patients for age and premorbid IQ, which was estimated from two of the subtests (Vocabulary and Matrix) of the Wechsler Adult Intelligence Scale-III. All participants gave written informed consent, and the study was approved by the research ethics committee of both recruiting institutions. Demographic and clinical traits for the final samples are summarized in Table 1 .
Magnetic Resonance Imaging Data Acquisition and Processing
All subjects were scanned with a 1.5-tesla GE Signa scanner (General Electric Medical Systems, Milwaukee, Wisconsin) located in the Sant Joan de Déu Hospital in Barcelona applying parameters used in two previous studies (24, 37) and listed in Supplement 1. After several preprocessing steps on the diffusion images (see Supplement 1), the dtifit function implemented in the FMRIB Software Library (38) was used to obtain the images of MD and FA for each subject (Figure 1 ). While the analysis of MD included all brain parenchyma (both gray and white matter tissues), the analysis of FA abnormalities was restricted to the white matter tracts, characterized by the tract-based spatial statistics procedure included in the Converging Anomalies in Borderline Personality Disorder Resting-state images were used to calculate both GBC maps and the images of ALFF. Before their calculation, a common preprocessing pipeline was applied to them (Supplement 1). In the GBC calculations, following Cole et al. (20) , the correlation between each gray matter voxel and the remaining gray matter voxels was calculated, assign- ing the mean (of the absolute value) of these correlations to that voxel. Such quantity is an indicator of the average levels of functional connectivity of the voxel with the rest of the brain ( Figure 1C ). For the ALFF images, which relate to the levels of spontaneous brain activity occurring at each voxel, periodograms (estimates of power spectra) were obtained using the function spec.pgram implemented in the R statistical package (40) , and averages of these periodograms in the .01-0.1 Hz interval were given as outputs ( Figure 1D ). See Supplement 1 for a full description of GBC and ALFF calculations.
Group Comparisons
For the four variables of interest (MD, FA, GBC, and ALFF), images of the patient sample were compared with images of controls by means of nonparametric permutation tests. Specifically, the "randomise" FMRIB Software Library function (38) using the threshold-free cluster enhancement method was used. To reduce the intrinsic levels of variability and the residual movement effects in the GBC and ALFF images, the average amount of movement and the average value of each variable were considered as covariates in the models. A threshold of p , .05 corrected for multiple comparisons was applied in all statistical tests, and reported p values were always corrected, with the exception of one exploratory cluster shown in Figure 3 .
Relation with Clinical Condition
To explore the potential relationship between imaging findings and clinical traits, the intensity of brain abnormalities found in the group analyses was correlated with several clinical indexes. Specifically, in the sample of patients, mean values of voxels with significant increases or decreases in MD, FA, ALFF, and GBC were correlated with 1) the general measure of clinical severity provided by the BSL-23; 2) emotion regulation as registered in the DIB-R; and 3) impulsivity, also as recorded within the DIB-R.
Evaluation of Cross-Modal Convergence
Finally, examination of convergence of abnormalities across modalities was carried out through overlays of images including significant clusters from the different modalities. While logical intersections were used to detect "tight convergence" (anatomic overlap between modalities), images of logical unions (including nonoverlapping clusters) were visually inspected to describe, in an informal way, brain anatomic regions that contained anomalies from different modalities.
RESULTS
Diffusion
The comparison of MD images only showed increases in patients with BPD relative to control subjects. These increases were observed in 11 clusters, mainly located in the anterior part of the brain, in areas with a considerable fraction of gray matter (first row of Figure 2 and Table 2 ). These spanned bilaterally from lateral orbitofrontal structures to both insulae and up to precentral and postcentral cortices, also reaching the anterior part of the temporal lobes. In addition, a single cluster of increased MD was located medially in the anterior cingulate.
The analysis of FA, which was carried out in white matter, only showed BPD-related reductions. These occurred in tracts located frontally, with most extended alterations in the genu and body of the corpus callosum but also involving part of the corona radiata, external capsule (including uncinate fasciculus and inferior fronto-occipital fasciculus), and other white matter structures (second row of Figure 2 and Table 2 ).
Functional Resting State
Both BPD-related increases and reductions in functional connectivity were shown in GBC comparisons. While abnormally high GBC values were observed in a single cluster located in the pregenual anterior cingulate, reduced GBC in patients with BPD was found only in the right temporal lobe (third row of Figure 2 and Table 2 ). Likewise, ALFF analyses also showed both significant increases and reductions in amplitudes. Increases were observed in a cluster partially involving the left hippocampus and amygdala and in another cluster located in the left putamen. Reductions were located posteriorly in the occipital lobes, in the right precuneus, and in the dorsalposterior cingulate cortex (last row of Figure 2 and Table 2 ).
Relation to Clinical Condition
Results of correlations between levels of abnormality in MD, FA, ALFF, GBC and clinical severity scores from the BSL-23, emotion regulation and impulsivity (both from DIB-R) are shown in Table 3 . For the BSL-23, only the mean ALFF for areas with increased amplitude in patients showed a moderate, but significant, correlation with this measure of global clinical severity. This correlation was in the expected direction (i.e., more ALFF, more severity). Results for MD, although at trend level (p , .1), also point to a possible positive relationship with clinical severity.
For the DIB-R, no imaging result was linked to impulsivity, whereas only the area of reduced GBC in patients was significantly correlated with emotion regulation. As expected, this relationship was negative (more dysregulation linked to lower GBC). All significant correlations reported here should be taken as exploratory because they were moderate in magnitude and did not stand a correction for multiple comparisons.
Convergence of Modalities and Follow-Up Seed Analyses
A combined view from different modalities shows evidence of an anatomic convergence of results in genual and perigenual areas (a location frequently reported in previous BPD studies). As shown in Figure 3 , white matter FA abnormalities partially encircled clusters significant in MD and GBC comparisons. In contrast, the hippocampus-amygdala complex (also the focus of many previous BPD studies) was significant only in the ALFF analyses. To explore potential abnormalities in this complex further, we took the significant cluster in the left hippocampusamygdala as a seed for a functional connectivity analysis, and this seed showed only abnormal (high) correlations with a small Converging Anomalies in Borderline Personality Disorder cluster also located in the anterior cingulate (Figure 3) . Finally, we also performed a follow-up study taking the two significant clusters from the GBC analysis as seeds for a functional connectivity analysis ( Figure S1 in Supplement 1).
DISCUSSION
In the present study, we combine resting-state and diffusionbased brain maps to characterize abnormalities in patients with BPD. Because the analyses we performed take a wholebrain approach, not considering a priori regions, results are not anatomically constricted as in some preceding studies. For the first time, we also implement two resting-state measures (ALFF and GBC) to evaluate BPD.
Although differences are present in various areas of the brain, of special interest are the multimodal abnormalities observed in frontomedial structures, which match previous findings in BPD and, as stated at the beginning of this article, may explain many of the behavioral traits of the disorder. The specific perigenual location of the abnormalities overlaps with areas shown to be actively involved in cognitive control, impulsivity, reward, and modulation of emotions (8, 41) , all of which are altered in BPD.
From the structural point of view, reported white matter frontal abnormalities agree with some of the previous studies (25) (26) (27) , but the observed bilateral increases in MD, mainly in gray matter, are new. Changes in MD have been previously related to gray matter changes (42) suggesting that the increases in MD in our study are probably linked to reduction in gray matter volumes in the same areas. However, there is only one voxel-based morphometric study on BPD reporting similar extensive bilateral alterations (43) , and it used a lenient uncorrected p value of .001.
Among other frontal white matter structures, decreases in FA were observed in the uncinate and in the inferior frontooccipital fasciculi of the corona radiata. Similar reductions have been observed in patients with psychopathy, which were interpreted in terms of a possible decrease in connectivity in the amygdala-orbitofrontal limbic network through the uncinate fasciculus (44) . Another study has also showed reductions of FA in this region associated with reward and punishment susceptibility (45) , two aspects that are altered in patients with BPD (46), while Joutsa et al. (47) reduced white matter integrity in both fasciculi was observed in pathological gamblers. The uncinate fasciculus is a ventral associative pathway that connects the anterior temporal lobe with the Converging Anomalies in Borderline Personality Disorder medial and lateral orbitofrontal cortex (48, 49) being implicated in emotion and memory processing (50, 51) . Considering the converging evidence across all these studies, such tracts seem to be important for the regulation of impulsive and reward-related behaviors, as would be the case in patients with BPD.
We also found a reduction in white matter in the genu and body of the corpus callosum. This result suggests a possible alteration in interhemispheric structural connectivity in prefrontal regions, which is in congruence with several previous studies in BPD (27, 52 ) (but also see Zanetti et al. (53) for contradictory evidence). Fibers connecting orbitofrontal and ventral medial prefrontal cortex pass through the genu of the corpus callosum (54) . Disrupted connectivity in the corpus callosum has also been observed in association with affective dysregulation in bipolar disorder (55, 56) , which has a close symptomatic overlap with BPD. Several studies have reported a possible relationship between childhood abuse, trauma, and reduced size of this structure (57, 58) , including the study by Rusch et al. (52) carried out on patients with BPD. Further research using tractographic tools will eventually be required to characterize the scope and effects of corpus callosum abnormalities on interhemispheric connectivity.
The hippocampal-amygdala complex, a frequent target in earlier studies using regions of interest, has been shown to be significant in the whole-brain analysis of ALFF. The abnormality observed in the left hippocampus and amygdala involves increased resting-state fluctuations in patients with BPD, which may be interpreted as increased activity of these structures at rest. At first glance, this finding may seem to conflict with the meta-analysis by Ruocco et al. (12) reporting less activation in the amygdala under negative stimuli, which may be taken as an indication of the amygdala underreacting in patients with BPD. However, because task-based functional MRI studies are bound to compare brain activity in relation to a baseline, we may conclude from our results that such underactivation is probably due to the fact that the amygdala is already overactive at rest. Such hyperactivity of the amygdala is likely to be part of the neurobiological substrate for the clinical emotional hyperreactivity typical of BPD.
In contrast, BPD-related reductions in ALFF occur far from frontal and limbic regions. Although these results cannot be easily related to previous BPD findings, a similar pattern of ALFF reductions has been reported in schizophrenia (59, 60) , depression (61) , and obsessive-compulsive disorder (62) , and it is probably associated with nonspecific deficits occurring in all these disorders.
The increase in GBC observed in the anterior cingulate is relevant. It also agrees with the ancillary analysis showing increased connectivity between the left hippocampus and amygdala cluster (derived by ALFF) and a single small frontomedial cluster. All of these findings agree with the study by Cullen et al. (15) , which observed increased connectivity between a priori selected amygdala regions of interest and perigenual cortex under overt fear stimuli. Increase in GBC in the anterior cingulate is also relevant because this area is a core node of the default mode network (63) . This network is active during resting periods and is associated with selfreference evaluations, inward attention, and autobiographical memory retrieval (64, 65) . Since patients with BPD experience constant conflict owing to emotional dysregulation problems, the observed increase in anterior cingulate connectivity may be related to an overuse caused by constant internal thinking and processing of internal conflict.
The observed left amygdala-anterior cingulate hyperconnectivity is also in agreement with the role assigned by theoretical and animal studies to frontolimbic connections as modulators of cognitive-emotional control of behavior (13, 14) and could also be the cause of the interferences reported in functional MRI studies combining emotional and cognitive or inhibition tasks (66) (67) (68) . Overall, our results support the theoretical model in which the amygdala, associated with emotional processing, is modulated by frontomedial structures controlling the complex manifestations and behavior derived from these same emotions. In BPD, alterations of such modulation (connectivity) would act as inducers of some of its clinical traits.
Correlations found between levels of imaging abnormality and registered clinical features give some further support for the consistency of reported brain alterations. Higher levels of clinical severity (BSL-23 scores) seem to be linked to both abnormally increased fluctuations (greater ALFF) and larger MD values in patients. Nevertheless, these relationships should be taken as soft evidence because correlations are moderate and do not survive correction for multiple comparisons. On the other hand, although a significant and interesting relationship is observed between abnormally reduced levels of GBC and emotional dysregulation, the remaining comparisons based on the DIB-R questionnaire are not significant. This may be due to the fact that, the DIB-R is mainly a diagnostic tool and not a rating scale designed for quantifying clinical severity.
Finally, results from follow-up connectivity studies based on the two significant GBC clusters ( Figure S1 in Supplement 1) also warrant comment. First, the lack of significant connectivity abnormalities in the pregenual cluster (of increased GBC in patients) may be seen as unexpected. Because the GBC is an average of correlations with all gray matter voxels, the most plausible explanation for such a result is that the increase in pregenual GBC is induced by a moderate but consistent gain in connectivity with a large set of different brain regions, none of them individually reaching statistical significance. This set would also include the GBC cluster in the right temporal lobe, for which the seed analysis shows significantly larger connectivity with the medial frontal cortex. However, because the cluster in the right temporal lobe has reduced GBC in patients, that result may look odd, having a plausible explanation only in a moderate but generalized reduction in correlations with a large set of other brain regions.
Our study has some methodologic limitations. First, patients with BPD were taking medication, something that could have potentially modified the results. Patients (and control subjects) recruited were all women, and in a strict sense, conclusions apply only to this gender. In addition, MRI sequences used had some constraints; most notably, functional MRI images were acquired with a wide slice thickness of 7 mm (plus an interslice gap of .7 mm), which was not optimal for detecting changes in small brain structures. Also, although not a limitation, mean individual values were entered as covariates in the ALFF and GBC comparisons to reduce variability, and consequently results reported for these parameters refer to differences from each subject mean.
The usage of corrected p values throughout the analyses and the above-mentioned whole-brain unbiased approach are strengths of this work. We are aware that such an approach is complementary to seed-based analyses, which, appropriately focused on specific regions known to be related to BPD symptoms, may convey very relevant information for the disorder, otherwise overlooked by a whole-brain approach. Lastly, the inclusion of other clinical aspects, such as the potential role of previous trauma events on the imaging modalities analyzed would have been highly informative. Indeed, in a recent study based on voxel-based morphometry, the specific effect of posttraumatic stress disorder is described on a large sample of patients with BPD (7).
In conclusion, our results confirm that structural and functional dysfunction in subjects with BPD involves both temporolimbic and frontomedial structures and their connectivity, which, in previous studies, have been extensively related to behavioral and clinical symptoms in patients with BPD. Nevertheless, the high rates of clinical remission shown in more recent long-term follow-up studies (69, 70) suggest that such abnormalities may be reversible. Further research is necessary to study changes in these structural and functional abnormalities in patients before and after psychotherapeutic interventions.
